INTRODUCTION

Biological Background
According to the RNA world hypothesis, the modern biological world evolved from a form of life that was mostly RNA-based (for a review see reference 25) . From this point of view, it is no surprise, therefore, that much of the translation machinery is composed of RNA molecules. As protein synthesis evolved and the resulting proteins themselves became more complex, they invaded functional niches, previously occupied by ribozymes, to enhance enzymatic activities.
The translation machinery is dedicated to interpreting the nucleic acid code in a two-part process. First, amino acids are covalently linked to their cognate tRNAs via an aminoacylation reaction catalyzed by a diverse group of proteins, the aminoacyl-tRNA synthetases (AARSs). At the ribosome the tRNA anticodon is matched to the mRNA codon, and the charged tRNA delivers the next residue of a nascent protein chain. Directed in vitro evolution experiments have shown that ribozymes can be constructed that aminoacylate tRNAs (37) . It is possible that among the first proteins to take over ribozyme functions were the aminoacyl-tRNA synthetases. These ancient proteins are found in all extant organisms, and their inception likely predates the root of the universal phylogenetic tree (57, 62) . The evolution of these proteins is of particular interest for understanding the evolution of translation and the transition from the RNA world to the modern form of life dominated by protein-enzymes and DNA genomes.
There are AARSs specific for each of the 20 standard amino acids. These enzymes are divided into two classes, class I and class II, which are unrelated in both sequence and structure (21, 29) . The class I AARSs specify 11 amino acids, including Met, Val, Ile, Leu, Cys, Glu, Gln, Lys, Arg, Trp, and Tyr. The class II synthetases specify 10 amino acids, Ala, His, Pro, Thr, Ser, Gly, Phe, Asp, Asn, and Lys. The so-called class rule, stating that each amino acid is specified by a class I or class II synthetase but not both, was broken with the finding of a class I version of lysyl-tRNA synthetase (LysRS) in the archaeon Methanococcus maripaludis (31) . The class I LysRS is found in most Archaea and in some Bacteria, while the class II version is found in all known eukaryotic genomes, the majority of Bacteria, and a small number of Archaea (3, 57) . Both class I and class II LysRSs are found to coexist in two organisms of the archaeal genus Methanosarcina, M. barkeri (52) and M. acetivorans (24) . The interesting evolutionary implications of the distribution of LysRSs are discussed below.
The AARSs are, in all known cases, multi-domain proteins. Within each class there is only one domain, referred to as the catalytic domain, that is conserved across all members of that class. Other domains are involved in anticodon binding, stabilization of the AARS-tRNA complex, and deacylating mischarged tRNAs. For a review and a clear presentation of the domain architectures of the AARSs see reference 62. We will focus on the structure of the catalytic domain as shown in Fig. 1 .
The class I AARSs exhibit the basic Rossmann fold, which is a three-layer ␣/␤/␣ topology with an inner core of approximately five parallel beta sheets. The HIGH, for His-Ile-GlyHis, and the KMSKS, for Lys-Met-Ser-Lys-Ser, consensus motifs define two regions of sequence conservation for all class I AARSs (20, 27) . The class II synthetases exhibit a unique fold found only in the class II synthetases themselves and in biotin synthetase holoenzyme (40) . This fold is of the mixed ␣ ϩ ␤ fold class and is typified by a central core of antiparallel ␤-strands flanked by ␣-helices. There are three short conserved sequence motifs in the class II synthetases (21) . Most of the class II synthetases form homodimers (32) , and much of motif 1 is involved in these dimer contacts. Motifs 2 and 3 form components of the active site. Although the AARSs of different classes are not related by divergent evolution, they are clearly the result of a functional evolutionary convergence, as they carry out the same basic biochemical function. In many organisms all of the amino acids are attached to their cognate tRNAs through a direct mechanism (see Fig. 2 ) (32) . As an example, we show the acylation reaction for glutamate. Although we only depict the overall reaction, this reaction is catalyzed in two steps. Initially the amino acid, Glu, and a molecule of ATP are bound to the synthetase, GluRS, active site, where they are covalently linked by ester bond formation between the ␣-carboxylate of the amino acid and the ␣-phosphate of the ATP. The products of this reaction are pyrophosphate and an enzyme-bound aminoacyl-adenylate. In the second step the amino acid is transfered to the terminal 2Ј-(typical for class II) or 3Ј-hydroxyl (typical for class I) of the acceptor stem of the cognate tRNA, tRNAGlu , to form the aminoacylated tRNA Glu-tRNA Glu . The first alternative pathway for aminoacylation of a tRNA was described over 30 years ago (56) , but the discovery that the genome of Methanococcus jannaschii encoded only 16 of the 20 expected AARSs (12) dismantled the notion that all organisms require a full complement of AARSs. One of the four apparently missing enzymes was the class I LysRS, discussed above. Two of the remaining missing enzymes, asparagine and glutamine, were accounted for by the existence of an indirect mechanism for charging the tRNA (see Fig. 2 ). In the indirect pathway, tRNA Gln is first misacylated with Glu by a nondiscriminating GluRS (29) . Glu-tRNA Gln amidotransferase converts the misacylated Glu to Gln, and the result is a correctly charged tRNA. GlnRS is absent from all known Archaea and most Bacteria, and these organisms exclusively utilize the indirect pathway.
In some Bacteria and most of the Archaea, AsnRS is not present, and tRNA Asn is aminoacylated via an analogous indirect pathway (4, 54) . The genomes of both Deinococcus radiodurans and Thermus thermophilus encode a nondiscriminating AspRS and the standard AsnRS, so these organisms are able to correctly aminoacylate tRNA Asn through the direct and indirect pathways (5, 15, 39) . In these organisms, the indirect pathway is the only metabolic route for asparagine biosynthesis (39) . Similar indirect pathways also exist for incorporation of formylmethionine (45) and selenocysteine, the 21st amino acid (38) . Pyrrolysine (Pyl), the 22nd amino acid, is proposed to be charged to its cognate tRNA via a similar indirect pathway. A class II LysRS that is not specifically related to other characterized class II LysRSs is responsible for charging the cognate tRNA for pyrrolysine with lysine. Putatively, other unknown enzymes are responsible for the conversion of the charged lysine to pyrrolysine to form Pyl-tRNA Pyl (52) . The last standard AARS missing from the genome of M. jannaschii is CysRS, yet M. jannaschii is able to synthesize Cys-tRNA Cys (53) . CysRS is also absent from Methanobacterium thermoautotrophicus and Methanopyrus kandleri (34 
Evolutionary Theory of the Universal Phylogenetic Tree
The universal phylogenetic tree, resulting from the molecular phylogeny of the rRNA sequences (22, 58) , presents a framework for understanding the evolutionary history of each genetic element in the biosphere. In order to examine the complex evolutionary path of the aminoacyl-tRNA synthetases, we must first present a summary of the evolutionary theory of Woese and colleagues (57, 60) .
Vertical and horizontal gene flow are the molecular processes that shape the evolutionary course. Vertical gene transfer is the process of transmitting genes from parent to offspring and the molecular divergence resulting from mutation and gene duplication which ultimately leads to organismal divergence and speciation. This type of gene flow is responsible, in large part, for the phylogenetic distribution that is referred to as the universal phylogenetic tree or the canonical evolutionary pattern. At the most basic level, this pattern shows the ancient split between the Bacteria and the Archaea and also depicts the evolution of the Eucarya from the archaeal branch at a later time (Fig. 3, top) . Molecules that strictly adhere to this pattern, referred to as the full canonical pattern, are the result of an evolution that was dominated, after the organismal domains began to diverge, by vertical gene flow.
Horizontal gene transfer (HGT) is the second and seemingly more extraordinary type of gene flow. This is the transfer of genetic elements between different species. The effect can be local, e.g., HGT between two closely related bacteria, Bacillus stearothermophilus and Staphylococcus aureus, and in some cases undetectable by molecular sequence analysis. The effect of HGT, however, can be much more dramatic. Horizontal transfer from a bacterium to a eukaryote, say very early on in eukaryotic evolution, can partially erase the historical trace so evident in the universal tree. Namely, this type of event can produce the basal canonical pattern in which there is only an obvious distinction between the archaeal and bacterial versions of a given molecule (see Fig. 3, middle) .
The operational definition of an archaeal versus a bacterial version of a molecule has been described (57) . The authors clearly state that "for these two organismal domains, the interdomain differences between the archaeal and bacterial proteins must far outweigh any intra-domain differences: the two must appear to differ in genre." In keeping with this terminology, we refer to bacterial and archaeal versions of a given FIG. 3 . Effect of horizontal gene transfer between organisms in different domains of life on the canonical pattern observed in molecular phylogenetic trees. Increasing interdomain HGT erases the historical trace which is evident in the universal phylogenetic tree (60) .
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molecule as being of the bacterial genre or the archaeal genre. The effect of HGT can be yet more extreme. Widespread HGT at a sufficiently late time, after the three primary domains of life have emerged, can completely erase the historical trace. The hallmark of this type of horizontal transfer is a completely noncanonical pattern (Fig. 3, bottom) . Vertical and horizontal gene flows contribute to genetic diversity and novelty in different ways. Vertical flow is a slow process, the so-called "descent with modification," which over long evolutionary times leads to large magnitudes of divergence. Horizontal transfer, however, is a mechanism for rapid mixing of genetic material. This property of HGT is best understood through the following thought experiment. Consider two genes (or genetic elements) that are orthologs, i.e., homologous genes in different species. Gene Ab is the bacterial version, and gene Ae is the eukaryotic version. The Archaea and Bacteria diverged approximately 3.5 billion years ago, so with this time scale in mind, imagine that Ae and Ab have diverged from a common ancestor at time t 0 ϭ 3.5 billion years ago. At a more recent time, say t 1 ϭ 500 million years ago, Ab is horizontally transfered to a eukaryote that has gene Ae. After some short evolutionary interval, gene Ae is displaced by gene Ab in this eukaryote via vertical gene transfer. At time t 1 , Ae and Ab are quite divergent. Both genes have experienced very different processes of vertical descent over a 3-billion-year period. The end result is that the eukaryote in possession of Ab has now obtained a gene, essentially instantaneously, that would have required the processes of vertical gene flow at least 3 billion years to create. In this way HGT is able to rapidly introduce genetic novelty.
Sequence-Based Evolutionary Analysis of the AARSs
Sequence-based evolutionary analysis of the AARSs has been the subject of intense study. The evolution of these proteins has been documented at approximately three levels of divergence: specificity, subclass, and class. The specificity level includes studies that focus on the evolution of individual AARSs specific for a particular amino acid. The synthetases of each class have been roughly grouped into the standard subclasses (see Fig. 4 ). The subclass level examines the series of gene duplications that gave rise to a subset of the AARSs of each class that are thought to be more closely related to each other than to other AARSs of the same class. The most divergent level involves the gene duplication events that gave rise to all of the synthetases in each class separately.
The amount and quality of the investigations into the AARSs decrease as the level of divergence examined increases. The most accurate work involves the specificity level, and to some extent slightly beyond this level (detailed below). Sequence comparison between AARSs of different specificities typically occupies a range of sequence identity values that fall below the twilight zone threshold, less than 25% sequence identity (8) . Sequence comparison quickly becomes unreliable at this and lower levels of sequence identity. In this regime of similarity, it becomes difficult to distinguish between correctly aligned homologous sequences and unrelated sequences or random alignments. We will review the developments in the phylogenetic analysis of the AARSs, beginning with the specificity level and moving hierarchically toward the class level.
The most recent and insightful analysis of the synthetases at the specificity level is found in the paper of Woese et al. (57) . In a contemporaneous paper, Wolf et al. (62) also examined this level of AARS evolution in detail. Although the evolutionary analysis of the catalytic domain presented (57) is more complete and extensive, the paper by Wolf et al. delivers an invaluable discussion of the accessory domains (anticodon binding and other domains) common to subsets of the synthetases within and in some cases across both classes. For the most part, the results of these papers are consistent with regard to the catalytic domain, so we will summarize the results of Woese and colleagues.
Phylogenetic analysis of each of the AARSs separately shows the distribution of each AARS across the three domains of life. The pattern of this distribution can be categorized with respect to the universal phylogenetic tree and classified as the full canonical, basal canonical, or noncanonical pattern. In Fig.  5 we summarize the previous results (57) and group the synthetases according to which pattern they exhibit. Class I synthetases that conform to the full canonical pattern are specific for W, Y, E, L, and I, while class II synthetases specific for H, D, F, and P also show the full canonical distribution. The basal canonical pattern is observed for the class I synthetases that specify M, V, and R. Class II synthetases specific for A and T follow the basal pattern. Woese et al. reported that the class I LysRS shows a noncanonical pattern, but a more recent study that included more sequences concluded that this synthetase exhibits the basal pattern (3). For each of the above-mentioned synthetases, those that fit the canonical or basal canonical pattern, all exhibit exceptions to these patterns as a result of various levels of horizontal gene transfer. LeuRS conforms completely to the canonical pattern without exception, while for ProRS a number of bacteria have received the archaeal type via HGT. Of the synthetases that exhibit the basal canonical pattern, HGT from Bacteria to the eukaryotes accounts for the majority of the deviations from the full canonical pattern. This is the case for ThrRS, ValRS, and AlaRS. Some bacterial MetRSs are distinctly of the archaeal genre, having received the gene via HGT from Archaea. Furthermore the eukaryotic MetRSs are of the archaeal genre, but they fail to form a distinct grouping that is required for the full canonical pattern to hold.
In some instances, sequence analysis has been able to go beyond constructing phylogenies for the specificities alone and show some of the gene duplication events that led to the formation of the AARS specificities. Due to the close homology between AspRS and AsnRS and a similarly close homology between GluRS and GlnRS, Woese et al. (57) were able to complete the evolutionary path that gave rise to AsnRS and GlnRS. GlnRS evolved from the eukaryotic GluRS through gene duplication and was later horizontally transfered to a limited number of Bacteria. AsnRS evolved somewhat earlier as the result of a gene duplication, prior to the advent of the Eucarya, from the ancestral archaeal type AspRS. In these cases, the differences between the archaeal genre and the bacterial genre for AspRS (GluRS) are greater than the differences between the archaeal type AspRS (GluRS) and AsnRS (GlnRS). The sequence-based analysis of Brown and Doolittle depicts the duplication events that gave rise to LeuRS, IleRS, and ValRS (10) and demonstrates that these synthetases group monophyletically with respect to amino acid specificity. Sequence comparison also shows that TrpRS and TyrRS group monophyletically (9).
Moving to a greater level of divergence, Schimmel and coworkers used structure to guide the alignment of subclass IIA AARSs (see Fig. 4 ) (46) . With the structural alignment of ProRS, SerRS, ThrRS, GlyRS, HisRS, and AspRS as a template, they aligned the most conserved sequence fragments (motifs 1, 2, and 3; see above) of all of the available sequences for these synthetases. AspRS was used to root the class IIA phylogeny. Their results indicated that SerRS, ProRS, and ThrRS form a distinct supercluster but that the exact relationships between these three synthetases could not be reliably determined. GlyRS and HisRS were each reported to form separate groups. Although this phylogeny was guided by alignment of structurally equivalent regions across the subclass IIA, the resulting phylogeny was constructed by the maximum parsimony method, which is strictly sequence dependent.
In an earlier study, Nagel and Doolittle employed multiple alignments of highly conserved sequence fragments of the AARSs to construct a phylogeny, with a sequence-based similarity measure, at the class level (41) . Although only a limited set of AARS sequences, including no archaeal examples, was available, this early work put forth suggestions that remain accurate in light of more rigorous study and larger data sets. Nagel et al. observed that the AARSs cluster monophyletically with respect to amino acid specificity, and the monophyly rule, with only two exceptions (see Findings and Analysis), remains intact. The phylogeny shows a number of superclusters that appear to be consistent or partially consistent with our data (see below) and other more recent investigations (9, 16, 46) . These superclusters are indicated by parentheses: for class I (GluRS, GlnRS), (TrpRS, TyrRS), and (ValRS, IleRs, LeuRS, MetRS); for class II (ThrRS, ProRS, SerRS) and (LysRS, AspRS, AsnRS). Because the sequence identity between many of the AARSs of different specificities is below the twilight zone threshold, the connections within and among these superclusters are unreliable and in some cases misleading.
Motivation for Structural Analysis
Over a decade has passed since the work of Nagel and Doolittle, and now there are a sufficient number of experimentally determined AARS structures to construct a definitive structural phylogeny of the AARSs at the class level. Only the structure of AlaRS remains unknown. In addition, there are structures representing the archaeal and bacterial genres for many but not all of the synthetases. Chothia and coworkers showed that protein structure is more highly conserved than sequence (14) . This guiding principle allows us to use structural alignments to construct an accurate phylogeny depicting the entire evolutionary course of the AARSs. In addition to a sufficiently large data set and accurate multiple structural alignments, a measure of structural homology is key to correctly reconstructing the evolutionary history of the AARSs at the class level. We introduce a robust structural measure for this purpose which is motivated by the "fraction of native contacts" or Q measure from the field of protein folding.
In the next section we give a detailed description of the data set of proteins used in this study, the structural alignment method, a new method for generating a nonredundant data set, our measure of structural homology, and the integration of data from the sequence-based analysis of the AARSs. Following this section, we present our results from the structural alignment of the AARSs, the structural phylogeny, and a discussion of structural conservation in the AARSs. We conclude with a discussion of the evolutionary implications of this structural phylogeny.
COMPUTATIONAL METHODS
AARS Domains and Coordinates
In order to study the evolutionary course of the AARSs at the class level, we confine our attention to the class I and class II catalytic domains that are common to all members of each class separately. Domain definitions were taken from the latest version of the Structural Classification of Proteins, SCOP 1.61 (40) . The Astral database mirrors the Protein Data Bank (PDB), but divides each PDB file into separate files for each SCOP domain (6) . Except in a few cases where SCOP domains have yet to be defined, the Astral PDB-style files were used as a source of coordinates for the catalytic domain of the AARSs. If the SCOP domain definition was not available for a particular AARS, we used a structural alignment to the closet available homolog to define a SCOP-like domain from the PDB chain. SCOP-like domains were defined for LeuRS (1h3n), ProRS from M. jannaschii (1nj8) and M. thermoautotrophicus (1nj1), and AsnRS from T. thermophilus (7) . At the time of this writing there is no PDB entry for this protein (or for any AsnRS), but the coordinates were provided by Stephen Cusack (personal communication). We identify this protein structure with a fictitious PDB code, 11sc.
Structural Alignment
Using the multiple structural alignment program STAMP (49), all of the available catalytic domains were aligned for the class I and class II AARSs separately. Including nearly identical crystal forms, e.g., different chains of a homodimer or the same protein in different crystallographic environments, there are a total of 56 class I AARS catalytic domains and 99 class II AARS catalytic domains in the PDB (not including AsnRS, see above). STAMP uses a dynamic programming procedure in combination with linear least-squares fitting to find the rigidbody rotation that simultaneously minimizes the C ␣ -C ␣ distance and local main-chain conformation for each pair of aligned proteins. The STAMP algorithm does not include sequence-dependent information. This program first computes all possible pairwise alignments and then uses a hierarchical clustering analysis based on structural similarity to build the multiple alignment. The program aligns the most similar structures first and moves along a structural dendrogram to add groups of aligned structures to the multiple alignment. This kind of multiple alignment was used in the following analysis.
Homology Measure
We employ a structural homology measure which is based on the structural similarity measure, Q, developed by Wolynes, Luthey-Schulten, and coworkers (18) in the field of protein folding. Our adaptation of Q is referred to as Q H , and the measure is designed to include the effects of the gaps on the aligned portion: Q H ϭ Ꭽ (q aln ϩ q gap ), where Ꭽ is the normalization, specifically given below. Q H is composed of two components. q aln is identical in form to the unnormalized Q measure of Eastwood et al. and accounts for the structurally aligned regions. The q gap term accounts for the structural deviations induced by insertions in each protein in an aligned pair:
ͬͮͬ
The first term, q aln , computes the unnormalized fraction of C ␣ -C ␣ pair distances that are the same or similar between two aligned structures. r ij is the spatial C ␣ -C ␣ distance between residues i and j in protein a, and r iЈjЈ is the C ␣ -C ␣ distance between residues iЈ and jЈ in protein b. This term is restricted to aligned positions, e.g., where i is aligned to iЈ and j is aligned to jЈ. The remaining terms account for the residues in gaps. g a and g b are the residues in insertions in both proteins, respectively. gЈ a and gЉ a are the aligned residues on either side of the insertion in protein a. The definition is analogous for gЈ b and gЉ b .
The normalization and the ij 2 term are computed as:
where N aln is the number of aligned residues. N gr is the number of residues appearing in gaps, and n gaps is the number of insertions in protein a, the number of insertions in protein b, and the number of simultaneous insertions (referred to as c gaps). n cgaps is the number of c-gaps. Gap-to-gap contacts and intragap contacts do not enter into the computation. ij 2 is a slowly growing function of sequence separation of residues i and j, and this serves to stretch the spatial tolerance of similar contacts at large sequence separations. Q ranges from 0 to 1, where Q ϭ 1 refers to identical proteins. If there are no gaps in the alignment, then Q H becomes Q aln , which is identical to the Q measure described before (18) (Fig. 6 ).
Nonredundancy
Given that the class II synthetase catalytic domain is represented by 99 crystal forms in the PDB, it is necessary to systematically remove some of these examples in order to construct structural dendrograms and structural overlaps that can be displayed clearly on a single page and provide a picture that is representative of the AARSs of known structure. In addition, when Q per residue is displayed on a protein structure (see Fig. 7 ), it is necessary to determine a nonredundant set of proteins that contribute to the computation. Using too many examples of a particular synthetase will bias the results of this calculation. We have developed a method, based on the multidimensional QR factorization (28, 44) , for generating a nonredundant multiple alignment which is introduced here and described in detail elsewhere (P. O'Donoghue and Z. LutheySchulten, submitted for publication).
The multiple structural alignment is encoded by the matrix A. A is of dimension l aln ϫ k proteins ϫ d. Each column of A corresponds to a single protein structure, and the multiple alignment is defined by the rows of A. The total length of the multiple alignment is l aln , and k proteins is the number of pro- A is orthogonalized by the transformation matrix, Q T (see Fig. 8 ). Orthogonalization of A gives the upper triangular matrix, R, and the columns of R are ordered by increasing linear dependence from left to right due to the action of the permutation matrix, P. The QR factorization steps through the matrix A in a columnwise fashion from left to right. At the ith step, in the factorization P is constructed to exchange the current column of A, over each d dimension simultaneously, with the kth column of maximum Frobenius norm,
A new alignment matrix is generated, Ã ϭ AP, in which the proteins in Ã are ordered by increasing linear dependence from left to right. Since we assume that redundancy in a multiple alignment is directly related to linear dependence between the aligned proteins, trimming proteins from right to left in Ã to a desired level of redundancy gives a reduced set of proteins, which form the nonredundant set. We have also implemented this procedure for generating nonredundant multiple sequence alignments (O'Donoghue and Luthey-Schulten, submitted). We have computed this ordering for both the class I and class II AARSs, and it can be seen in Fig. 9 and 10 . We used the three-dimensional coordinates of the overlapped synthetase structures to compute the order. Note that by following the ordering, starting at the protein ranked 1, all of the major structural clusters are included before the ordering returns to one of the major clusters. We define the subset that contains all specificities and organisms, with two exceptions, as the nonredundant set. For the class I AARS this subset is composed of the first 16 ranked structures, and for the class II AARSs this subset is defined as the first 17 ranked structures. In two cases the backbone structure of the AARSs from closely related organisms is nearly indistinguishable, and these structures appear more closely related than different crystal forms of the same AARS. The TyrRSs from B. stearothermophilus and from Since asparagine synthetase A (AsnA) is not a true AARS, it is also excluded from Q per residue computations for the class II AARSs (see Findings and Analysis).
Phylogenetic Analysis
In order to investigate the structural evolutionary relationships between the AARSs, we apply the unweighted pair group method with arithmetic averages (UPGMA) for cluster analysis (51) . This method performs agglomerative clustering based on a pairwise distance measure which can be represented as a dendrogram. Since the sequence identity distribution (see Fig. 6 ) is tightly peaked near 10% identity, this measure is inappropriate for constructing dendrograms of such distantly related proteins. Instead, the structural homology measure Q H is used as a pairwise similarity measure. The distance matrix required for the UPGMA method is simply a matrix of the pairwise structural dissimilarity values (1 Ϫ Q H ). Other popular methods for constructing phylogenies, such as maximum parsimony, which rely on generating ancestral states of modern sequences have been developed for sequence-based comparisons and are not currently applicable to constructing structural phylogenies. This presents an interesting, though, to our knowledge, undeveloped area of study. Neighbor-joining trees are available in the supplementary material (see Addendum).
Sequence-Based Annotation of Genre
The results of Woese et al. (57) were used to assign the genre, either archaeal or bacterial, to each of the protein structures. Each protein is a gene product from a particular organism. Due to the widespread occurrence of horizontal gene transfer over the course of AARS evolution, the organism and the gene product will not always belong to the same domain of life. Some AARSs for particular organisms do not appear in the sequence phylogeny of Woese et al., and in these cases we used BLAST (2) to determined the closest relative represented in the sequence phylogeny. For example, the IleRS from T. thermophilus is not found in the sequence phylogeny, but the closest relative appearing in the sequence phylogeny is the IleRS from Clostridium acetobutylicum. According to the BLAST alignment these two proteins share 49% sequence identity, so IleRS from T. thermophilus is clearly of the archaeal genre. The closest relative of the bacterial genre, found in the sequence phylogeny, is IleRS from Thermotoga maritima, which shares only 33% sequence identity with the T. thermophilus IleRS. This procedure was followed for genre assignments of ArgRS, ProRS, TyrRS, and LeuRS from T. thermophilus, TyrRS from B. stearothermophilus and S. aureus, TrpRS from B. stearothermophilus, and AspRS from Pyrococcus kodakaraensis. AARSs that do not conform to the canonical distribution cannot be assigned to the archaeal or bacterial genre.
FINDINGS AND ANALYSIS
Although the aminoacyl-tRNA synthetases have been the subject of intense scientific inquiry for nearly half a century, their complete evolutionary history has yet to emerge. Careful and accurate work (57, 62) has defined the evolutionary path of the aminoacyl-tRNA synthetases separately by specificity. Additionally, the pattern of gene duplications that gave rise to GlnRS and AsnRS from GluRS and AspRS, respectively, has been established (11, 57, 62) . Except for other specific examples mentioned above, earlier evolutionary events remain undeveloped or unreliably determined. To provide a more complete and accurate picture of this evolutionary history, we present a phylogeny of the AARSs, at the class level, that is both quantitative and strictly based on protein structure.
Structural Alignment of the AARSs
The synthetases within each class are readily structurally aligned by the STAMP algorithm (see Computational Methods) and display clear structural homology. Synthetases of different classes, however, are not structurally related. In Fig. 7A to C all of the class I synthetases are overlapped, and in Fig. 7D to F all of the class II synthetases are overlapped. In each case the proteins are color coded by structural conservation. A striking feature is that the structural core is well conserved, with increasing variation toward the protein surface. The remaining panels of this figure show only the conserved structural core without the insertions. This conserved core structure likely resembles the ancestral state for each of the synthetase classes separately and allows us to glimpse a protein structure that may date back to the period of transition from the RNA world to the world of protein enzymes. There is greater structural divergence among class I synthetases than the more structurally homogeneous class II synthetases, and this hints at a somewhat more ancient origin for the class I AARSs. In order to characterize the level of homology in the class I and II AARSs, we make reference to the similarity measure distributions shown in Fig. 6 . In addition to the Q H distribution, we also consider Q aln , which accounts for only the structurally aligned regions. Note that the distribution of Q aln falls off rapidly near Q aln ϭ 0.4 and extends to Q aln ϳ0.8. These Q values can be compared to those observed in protein-folding trajectories where there is no q gap component, since Q is computed based on a single protein structure in different conformations, i.e., while folding occurs. Q Ն 0.4 corresponds to structures with 5 Å root mean square deviation or less, and this value indicates visible structural similarity (18) . Although this is qualitatively evident in the structural overlap of the synthetases (see Fig. 7 ), it is reassuring that the Q aln distributions fit into our established notions about the relationship between the Q measure and structural similarity. The composite homology measure Q H is shifted to lower Q values by approximately ⌬Q ϭ 0.12, and this is consistent with the notion that accounting for the structural deviations introduced by gaps is equivalent to introducing a gap penalty. A structural alignment of unrelated proteins gives extremely low Q values, and the superposition of The sequence identity distributions for the AARSs are also shown in Fig. 6 . It is impressive to note the amount of structural conservation observed at the class level of the synthetases, and simultaneously to observe the striking lack of sequence conservation. The sequence identity distributions have an average of nearly 10% sequence identity, which approaches the limit seen in random alignments. The plot of Q H versus sequence identity clearly indicates that sequence identity is an inappropriate similarity measure for such distantly related proteins. Note the broad range of Q values, Q H ϭ {0.25, 0.45}, which correspond to roughly 10% sequence identity. The Q measure continues to give meaningful information about the similarity of two distantly related proteins, while the sequence identity values are effectively indistinguishable from those associated with random alignments or unrelated proteins. These distributions reinforce the notion that protein structure is more highly conserved than sequence (14) , and they are the basis for our motivation to use a structural measure to discern the early events of AARS evolution.
There is an interesting interplay between sequence and structure conservation. Figure 13 shows plots of Q per residue and sequence identity per residue averaged over the multiple alignment for the class I GlnRS and the class II AsnRS. In general, regions of sequence similarity are "encapsulated" by FIG. 12 . Nonredundant structural dendrogram of the class II AARSs. The nonredundant set includes the first 17 ordered structures appearing in the full dendrogram in Fig. 10 except for M. thermoautotrophicus ProRS, which is also included. The annotations are the same as in Fig. 11 except that the orange bar marks divergence between Eucarya and Archaea. The asterisk indicates that no anticodon binding domain structure is available. larger regions of structural similarity. The structural similarity peaks are broader and more frequent than the regions of high sequence similarity, and this is in accord with the guiding principle that conservation in sequence corresponds to conservation in structure. The reciprocal is not always true. The sequence conservation in the conserved core of the AARSs is not significantly higher than the sequence identity over the entire structure. For example, defining the conserved structural core as those residues with a Q aln of Ͼ0.4 (as shown in Fig. 7 ) gives 13% and 22% sequence identity for GlnRS and AsnRS, respectively. With regard to the recognized regions of sequence conservation, the class II synthetases show corresponding sequence and structural similarity in the regions referred to a motifs 1, 2, and 3. The class I AARSs show the same correspondence in the conserved HIGH region, but this is not the case for the KMSKS region. The sequence and structure conservation in the KMSKS region in moderate at best, and the KMSKS motif breaks the sequence-structure correspondence principle. This consensus motif is disrupted by gaps in the alignment due to large fluctuations in the corresponding structure. This motif is thought to be involved in stabilization of the transition state prior to formation of the aminoacyl-adenylate, and has been characterized as a "mobile loop" (32) . The KMSKS region underscores the fundamental ambiguity in defining a one-dimensional representation (a multiple alignment) from a superposition of molecules in three-dimensional space (structural overlap). Typically, this ambiguity is of only minor significance.
For the class I AARSs, there are two other regions highly conserved in sequence and in structure. At residue index 110 and 300 in Fig. 13 (top) there are two peaks, corresponding to a conserved glycine and a conserved arginine, respectively, that are absent only in TrpRS and TyrRS. The arginine has been replaced by a methionine in the bacterial type ArgRS. Aside from the well-known motifs 1, 2, and 3 in the class II synthetases, we note an additional point of high sequence-structure conservation. There is a nearly completely conserved leucine (at residue index 75) which is occasionally replaced by isoleucine or valine and has been replaced by glutamate in the tetrameric GlyRS. The function of the conserved residues mentioned in this paragraph is not discussed in the literature, and their role is not obvious from examination of the crystal structures. Perhaps detailed molecular dynamics simulations will help in elucidating the function of these conserved residues. The plots also show that there is more sequence and structural conservation in the class II synthetases than in the class I AARSs.
Experimentally determined protein structures contain some inherent noise due to the limit of crystallographic resolution and experimental conditions which may result in conformational changes, e.g., apo versus ligand-bound crystal forms. In Fig. 9 and 10, we show the full structural dendrograms for the class I and class II synthetases, respectively, and the effect of the crystallographic noise in terms of Q H of different structures for identical sequences. The majority of these effects are at Q H Ͼ 0.8, with a few examples extending to Q H ϳ0.7. Above this threshold, structure-based phylogenetic interpretations are unreliable, and only sequence-based analysis will yield accurate phylogenetic patterns.
Structural Evolutionary Profile of the AARSs
The modern set of AARSs are the result of a pattern of ancient gene duplications. The exact nature of this pattern, according to the structural phylogeny, is shown graphically in the nonredundant dendrograms in Fig. 11 and 12 for the separate synthetase classes. Each of the leaves on the structural trees is annotated by the specificity of the synthetase, e.g., D for AspRS, and by the appropriate genre, e.g., Da for AspRS of the archaeal genre and Db for AspRS of the bacterial genre. Synthetases that display noncanonical phylogenetic patterns are not and cannot be labeled by genre (see Fig. 5 ). These assignments are based on previous work (57) as described in Computational Methods. Note that the class II structural phylogeny also includes asparagine synthetase A, AsnA, which is not an AARS. The series of gene duplications that resulted in the modern forms of the AARSs also produced other proteins with related functions (50, 57) . Although there are other proteins homologous to the AARSs that are not themselves AARSs, AsnA was included because its structure is known and it has a high degree of structural similarity to the AARSs. In fact, this homology was first detected at the sequence level (26) and confirmed by structural comparison (42) , and the SCOP database includes AsnA as a member of the class II AARS protein family (40) . AsnA uses a catalytic mechanism similar to that of the AARSs to synthesize asparagine from aspartate and ammonia in an ATP-dependent reaction.
Phylogenetic order of the AARSs. The AARSs of both classes exhibit a general monophyly with respect to amino acid specificity. This means that the AARSs display clusters that include one amino acid specificity to the exclusion of all others. For example, both the archaeal and bacterial versions of TyrRS form a distinct cluster to the exclusion of other specificities. The monophyly property can only be strictly demonstrated when all versions of a specific AARS are available. This issue is only a matter of concern for AARSs that exhibit the full canonical or basal canonical pattern (see Fig. 5 ), where there exist distinct archaeal and bacteria versions of a given synthetase. Except where noted for those AARSs that exhibit a noncanonical pattern, there is only one version of that molecule, and these synthetases can be adequately represented by any one example. We elaborate on these points below and compare our structural dendrogram with the sequence dendrograms of Woese et al. (57) .
For many of the class I AARS that exhibit the full or basal canonical pattern, molecules for both the archaeal and bacterial genres are available in the PDB. Based on sequence analysis, both IleRS and TyrRS conform to the full canonical pattern. For IleRS, the structural dendrogram in Fig. 11 shows distinct clusters for the archaeal IleRS (now referred to simply as Ia) and bacterial IleRS (Ib), so the structural dendrogram is in agreement with the sequence phylogeny. Similarly, the branching of Ye, the archaeal type being represented by the eukaryotic TyrRS from Homo sapiens (see Addendum), and Yb in the structural dendrogram confirms the expected canonical pattern of TyrRS. The branching between Wb and Y is quite short, and a neighbor-joining tree (see the supplementary material) groups the H. sapiens TyrRS with the Wb cluster. The reason for the ambiguity of this grouping has already been deciphered at the sequence level (9, 47) . 564 O'DONOGHUE AND LUTHEY-SCHULTEN MICROBIOL. MOL. BIOL. REV.
Brown et al. showed that the inclusion of archaeal sequences breaks the symmetry responsible for the ambiguous grouping and firmly supports monophyletic clustering of TrpRS and TyrRS. Within each cluster, the full canonical pattern is evident (9) . We conclude that the crystal structures of TyrRS and TrpRS from the domain Archaea are required to remove the ambiguity of this branching in the structural dendrogram. This is one of three minor conflicts between the UPGMA and neighbor-joining tree representations. The others are mentioned below.
Although the canonical pattern is evident in both IleRS and TyrRS, we cannot completely verify the full canonical pattern. Since the archaeal TyrRS branch is being represented by TyrRS from H. sapiens and no structure for TyrRS from an archaeon is available, we cannot demonstrate that the eukaryotic structure forms a distinct group within the archaeal branch (see Addendum). The case is similar for IleRS. We have an additional point in common with the sequence phylogeny with regard to the bacterial subtypes of TyrRS. The term subtype is in reference to distinct clades within an organismal domain, and the two bacterial subtypes can be thought of as separate bacterial versions of a molecule. In the sequence phylogeny, S. aureus and B. stearothermophilus occupy part of one subtype (Yb1) and T. thermophilus is part of the second subtype (Yb2). This distinction is equally clear in the structural dendrogram.
Both MetRS and ArgRS exhibit the basal canonical pattern, and this is completely supported by the structural dendrogram. In each case, there is a clear distinction between the archaeal and bacterial genres. Woese et al. noted that the ArgRS tree cannot be reliably rooted between the archaeal and bacterial branches. The structural phylogeny confirms the existence of distinct archaeal (Ra) and bacterial (Rb) genres and is reliably rooted by the other class I synthetases. Here we appeal to the technique of reciprocal rooting (10, 33) . Class I synthetases specific for C and Q show noncanonical patterns and thus are each appropriately represented in the structural dendrogram by a single structure.
For class II (see Fig. 12 ), AspRS conforms to the full canonical pattern, and this is supported in both the sequence and structure phylogenies. In this case structures are available which represent the bacterial, archaeal, and eukaryotic versions. In this region of the structural dendrogram, the full canonical pattern is evident. The Pa cluster contains two archaea and one bacterium, T. thermophilus, that acquired the archaeal type ProRS via horizontal transfer (57) . The sequence phylogeny shows that the horizontally acquired ProRSs from a subgroup within the archaeal cluster, and this is also seen in the structural phylogeny. The grouping of bacterial species in the Hb cluster shows a minor disagreement with the sequence phylogeny, which indicates that the Escherichia coli and T. thermophilus HisRSs should group together to the exclusion of the S. aureus enzyme. This branching could probably be resolved with additional HisRS structures. AsnRS, SerRS, the class II LysRS, and the dimeric and tetrameric forms of GlyRS are all noncanonically distributed and are completely represented in the structural dendrogram.
The crystal structures of Wa, Ea, and Va and the bacterial version of the class I LysRS (K I b) would allow structural verification of the presence of the canonical pattern in these class I synthetases. Determination of the class II AARSs structures of Ha, Pb, Ta, Aa, Ab, and Fa would allow a more complete structural phylogeny. The sequence phylogenies of Woese et al. of the AARSs individually by specificity were rooted with synthetases of different specificities, and they observed that the monophyly rule is maintained in general. Additional crystal structures would therefore enrich the present picture, but we can be confident that the order of gene duplications established in the nonredundant structural dendrograms in Fig. 11 and 12 will likely remain unchanged. When the structural dendrogram can be verified by the sequence phylogeny, the two phylogenies are generally in agreement, and we expect that this agreement will not change with additional synthetase structures.
Some of the synthetases do not group monophyletically with respect to functional specificity. In Fig. 12 , the cluster for AspRS includes not only the archaeal and bacterial versions of these synthetases, but an additional synthetase specificity, AsnRS, which arises within the archaeal branch. The AspRSAsnRS cluster is a paraphyletic group. As mentioned above, paraphyly of the AspRS-AsnRS cluster and the GluRS-GlnRS cluster has been documented (57) . We note that Eb and Q form a definite group, but without the structure of Ea we cannot add clear support to this case of paraphyly. The paraphyletic AspRS-AsnRS cluster is in close agreement with the sequence phylogeny. Woese et al. reported that AsnRS arises after the division between Da and Db but before the Eucarya-Archaea division. We observe that AsnRS evolves from the Da branch after the division between Da and De. The neighbor-joining structural dendrogram (supplementary material) agrees exactly with the sequence phylogeny. This ambiguity may be resolved with additional AspRS and AsnRS structures.
LysRS and GlyRS violate the monophyly rule in a different way. These synthetases are examples of polyphyly, which refers to synthetases of the same specificity that do not directly share a common ancestor of that specificity. LysRS is found in both a class I (K I ) and a class II (K II ) version and thus violates the class rule as well as the monophyly rule. The two versions of GlyRS are both class II synthetases. The form that is part of subclass IIA (see Fig. 4 ) is a homodimer, as are most class II synthetases. The second form is an (␣␤) 2 tetramer. The class II synthetase fold is found only in the ␣-subunit, and conveniently this is the subunit that has been crystallized. The tetrameric GlyRS, G (␣␤) 2 , is clearly one of the most divergent with respect to all other class II synthetases. Although it appears to be distantly associated with PheRS, this relationship is so distant that the two cannot be considered specifically related. The tetrameric GlyRS is found exclusively in most Bacteria, and the dimer GlyRS is found in some Bacteria and the other two domains of life in a noncanonical distribution (57) . SerRS also has two distinct forms which are thought to be distributed polyphyletically. The second form, which is found in M. thermoautotrophicus and two species of the Methanococcus genus, is of unknown structure (57) .
We now turn our attention to the complex history of enzyme displacement and horizontal gene transfer that characterizes the evolutionary path of the LysRSs. From our structural dendrogram, it is apparent that K I branches very deeply with respect to the other class I enzymes (see Fig. 11 ). The meaning of a deep branching is that the gene duplication event that gave VOL. 67, 2003 STRUCTURE IN AARSs 565 rise to K I also gave rise to an ancestral state for the protein that would evolve, through further gene duplications, to synthetases specific for C, E, and Q. Equivalently the magnitude of structural divergence between the modern K I synthetase and its closest synthetase relative of a different specificity is large in comparison with other gene duplications that generated new specificities. The deep branch of K I is an indication that the existence of this enzyme far predates the root of the universal tree. The phylogenetic distribution of K I therefore should conform to some extent to the canonical pattern. Although initial sequence analysis indicated that this was not the case, an updated analysis, including more sequences of K I , demonstrated that the K I enzymes fit the basal canonical pattern (3). The authors reported a limited amount of HGT from Archaea to Bacteria (Borrelia burgdorferi, Streptomyces coelicolor, Treponema denticola, Treponema pallidum) and from Bacteria to Archaea (C. symbiosum), but there are distinct archaeal and bacterial genres for the K I enzyme. Since GluRS was used to root the K I sequence phylogeny of Ambrogelly et al., there is a strong indication that K I of the bacterial genre should group monophyletically with the archaeal type K I in our structural dendrogram. The evolution of K II is somewhat more complex. K II is found in the majority of Bacteria, and this synthetase shows a noncanonical distribution with eukaryotes and two members of the Crenarchaeota acquiring the enzyme through horizontal gene transfer (57) . K II emerges as the result of a gene duplication, which gave rise to the Lys-Asp-Asn supercluster that occurred only shortly before the divergence of the Da and Db branches (see Fig. 12 ). In contrast to K I , therefore, the emergence of K II only slightly predates or possibly arises simultaneously with the formation of the root of the universal phylogenetic tree and the emergence of the archaeal and bacterial domains.
K II is not incorporated into the archaeal genomes at this point in evolution, or it is quickly displaced by the existing K I . K II , however, is maintained through the present day in most of the bacterial lineages. Since K I displays the basal canonical pattern and yet K I is present in a minority of bacteria, in most ancestral Bacteria K II displaced K I . All known eukaryotes possess the noncanonically distributed K II enzyme, and K I has not been found in this domain of life (3, 57) . This deviation from the full canonical pattern suggests a crucial horizontal transfer event in which the eukaryotes accepted the K II enzyme from the Bacteria at an early stage of eukaryotic evolution. The HGT event appears to have completely displaced K I in the eukaryotic lineage. The above results taken together lead us to propose a scenario for the coevolution of LysRS from class I and II, as shown in Fig. 14 .
Subclass definitions and supercluster order. The AARSs have been divided into subclasses which are meant to group the most closely related synthetases of different specificities. The standard subclass divisions are shown in Fig. 4 , and these divisions were determined by a combination of sequence and structure comparison in the absence of an overall structural phylogeny, as presented here (16, 17, 21, 48) . Since the sequence comparisons at the subclass level are at or beyond the limit of reliability, there is some disagreement with the structural subclasses that we suggest. In reference to our structural dendrograms, a cutoff of Q H Х0.41 sufficiently defines the subclass level for the AARSs of each class. For the class I AARSs we propose five subclasses instead of the standard three. The structural phylogeny clearly shows that K I cannot be included in a group with GlnRS and GluRS, or in any other subclass for that matter. A similar argument follows for ArgRS, so K I and R each form new and separate subclasses. We also observe a close structural grouping of CysRS with GlnRS and GluRS and shift CysRS from the standard subclass IA to the structural subclass IB. Wolf et al. observed that GlnRS, GluRS, and CysRS each share a small homologous subdomain insertion in the center of the catalytic domain that is not found in any other synthetase (62) . The root of the Cys-Glu-Gln supercluster, therefore, represents the point of this insertion. Due to a lack of crystallographic resolution in this region, much of the insertion is missing in the CysRS structures. The remainder of the catalytic domain, however, is enough to suggest a structural grouping of CysRS with GluRS and GlnRS.
Within subclass IA, Brown and Doolittle present a sequence-based phylogeny of IleRS, ValRS, and LeuRS, and they concluded that these synthetases group monophyletically (10). Our structural phylogeny supports this point, and additionally both phylogenies show that ValRS and IleRS group closely together to the exclusion of LeuRS, which forms an outgroup. Further, we show that MetRS groups in with the Val-Ile cluster and that LeuRS is the most distant relative of the structural subclass IA.
With respect to the class II synthetases, there appears to be a general confusion in the literature regarding the subclass assignments of tetrameric GlyRS and AlaRS. There are two structurally distinct forms of GlyRS: the tetrameric form, G (␣␤) 2 , and the dimeric form, G ␣2 . The dimeric form is part of the H-T-P-S supercluster and is properly classified in the standard subclass IIA. Our structural dendrogram upholds this classification. In some cases, G (␣␤) 2 is classified as a subclass IIA enzyme (23) , while elsewhere it is classified as a subclass IIC enzyme with PheRS (17) . Occasionally, the subclasses appear without mention of the two distinct forms of GlyRS, and a generic GlyRS is simply placed in subclass IIA (48) .
Our data suggest that G (␣␤) 2 clusters with PheRS. Although this relationship is distant, it falls within the subclass threshold in terms of Q H , so we include G (␣␤) 2 in subclass IIC, which is in agreement with previous work (17) . There is a further similarity between PheRS and G (␣␤) 2 as both enzymes have an (␣␤) 2 quaternary arrangement, and these are the only synthetases with this quaternary structure. The minor form of SerRS (see above) and AlaRS cannot be reliably grouped into subclasses until their structures are determined. In fact, AlaRS has been classified as a IIC enzyme (17) and alternatively with subclass IIA (48). So as not to add to this confusion, we refrain from including AlaRS in any of the subclasses. The phylogenetic order of the subclass IIA synthetases (46) agrees qualitatively with the H-G ␣2 -T-P-S supercluster organization observed in our structural dendrogram. The neighborjoining tree (supplementary material) exchanges the positions of G ␣2 and Tb. This same ambiguity has been observed before (46) , and additional structures, specifically of Ta and Pb, may resolve this discrepancy. The phyletic order given before (46) differs quantitatively in that the relative branch lengths are not the same. This minor difference is due to the fact that we include the entire catalytic domain in combination with a structure-based measure to generate the phylogenetic order in this supercluster, while Ribas de Pouplana et al. employed a sequence-based measure over the most conserved fragments of this domain.
Evolutionary Events and Structural Divergence
There are two major questions that we strive to answer by comparing homologous protein structures. In what specific ways has the evolutionary dynamic changed protein shape over time? What can monitoring the change in protein shape tell us about the evolutionary process?
A general hierarchy of evolutionary events is recorded in the structures of the AARSs. Protein shape changes over the evolutionary course in response to a combination of physical forces and natural selection. The response of organisms and genetic elements to these forces, which drive the evolutionary dynamic, is observed in patterns of vertical and horizontal gene transfer. Accumulated effects of these evolutionary mechanisms, lead to specific evolutionary events.
We can categorize these events in a hierarchy from the most distant to the more recent events in time. The most distantly detectable events predate the root of the universal phylogenetic tree. In Fig. 11 and 12 these correspond to the period of early AARS evolution that gave rise, though a series of gene duplications, to the AARS subclasses. Quantitatively this region of similarity occurs in the range Q H Х {0.35, 0.41}. This value and others quoted below are in reference to both the class I and class II phylogenies combined. The next regime, Q H Х {0.41, 0.58}, encompasses further gene duplications giving rise to most of the synthetase specificities. The specificities that are distributed paraphyletically arise later.
During the next major evolutionary stage, the formation of the root of the universal phylogenetic tree, the archaeal and bacterial organismal domains diverge from one another, and gene duplications that mark this divergence fall in the range Q H Х {0.45, 0.65}. Since there is only one example (AspRS) where the archaeal and eukaryotic versions for a given synthetase have both been structurally determined, we cannot reliably assign a regime in Q space that corresponds to the separation of the domains Archaea and Eucarya from their common ancestor. In the case of AspRS, the divergence of the eukaryote from the ancestral archaeal AspRS occurs at Q H Х 0.73. The final level of divergence is accounted for by intradomain speciation events in the range Q H Х {0.53, 0.88}.
The above results indicate that there is a general hierarchy to the evolutionary development of the AARSs across specificities and even across synthetase classes. This fits with the notion proposed by Nagel and Doolittle that the synthetases of both classes underwent "coordinate development" (41) . The meaning of this notion is that the synthetases of the two classes were evolving analogous functionalities concurrently. Although we note that there is a general hierarchy to these evolutionary stages, there is considerable overlap of these stages as well (see Fig. 11 and 12 ). Examining the evolution of any one AARS specificity shows that these stages are precisely hierarchical, meaning that once the specificity is established, with the exception of GlnRS and AsnRS, the next event to follow is the split between archaeal and bacterial types. This is followed by intradomain subtype divergence, e.g., TyrRS, which is in turn followed by more local intradomain speciation events. When looking across the synthetases of different specificities and even across the synthetase classes, these events broaden into evolutionary stages. In fact, the stages become so broad they overlap.
With these ideas in mind, we focus on some specific cases of particular interest. For MetRS, the amount of structural divergence at the split between archaeal and bacterial genres is smaller than the amount of structural divergence observed for any "genre split" across all of the other AARSs of both classes (see Fig. 15 ). The archaeal and bacterial type MetRSs are even more structurally similar to each other than are the two bacterial subtypes of the TyrRS clade. In addition, the archaeal and bacterial types of TyrRS are structurally more divergent than are some synthetases of different specificities, e.g., the relationship between MetRS, ValRS, and IleRS.
There are two limiting interpretations of these results. Evolutionary events are not specifically localized in time but are characterized by broad stages where each genetic element is diverging at a similar rate but independently at a different point in time. Under this assumption, the broadening of evolutinary events that we observe in terms of structural divergence may indicate that these evolutionary events are also broad in time. Regarding the example of TyrRS and MetRS, it is amazing to contemplate that while for TyrRS the bacteria are already beginning to form distinct subtypes, the formation of distinct archaeal and bacterial type MetRSs has yet to occur. Further, the genre split for TyrRS predates the advent of many of the other synthetase specificities. It is clear, however, that there is a limitation to this broadening effect. GlnRS and AsnRS are late evolutionary inventions (57) , and neither shows even the basal canonical distribution. Presumably that is because the major organismal domains had already diverged before the invention of this functionality.
The genre split for MetRS occurs at Q H Х 0.65 and AsnRS arises at Q H Х 0.77. Thus, there appears to be a very short window in Q space between the evolution of new specificities that may display the canonical pattern and new specificities that arise too late to possibly contain this historical trace. We must consider that our structural homology measure may not VOL. 67, 2003 STRUCTURE IN AARSs 567 scale linearly with time or that the evolution of structure itself is not a linear function of time.
The second interpretation is that the evolutionary events are localized in time and the broadening is an artifact of varying rates of divergence between different genetic elements. The actual situation is likely to be some synthesis of these two hypotheses. Certainly the evolutionary profile of the AARSs indicates that these events or stages are broad in nature, but their evolutionary course does not seem reasonable without invoking the notion that structural change in proteins occurs at various rates. Although we are not the first to identify these hypotheses, the structural phylogeny of the AARSs presents an opportunity to explore these ideas concretely.
After the three organismal domains were established, the AARSs continued to display frequent interdomain horizontal gene transfer. These events have been clearly documented (57, 62) , but here we discuss the effect of this kind of HGT on protein shape. The effect of horizontal gene transfer varies from subtle to dramatic, and this depends on the range and time of the transfer. A local transfer event between two closely related bacteria may be nearly undetectable, while a longrange horizontal transfer event between an archaeon and a bacterium may leave the bacterium with a protein that is almost unrecognizably related to a protein of the same function in other bacteria. Proteins can be retained over the evolutionary course though vertical evolution, and they will differ from orthologs by the expected amount of divergence in accord with the general divergence of the two organisms in question. Horizontal transfer has the apparent effect of increasing the amount divergence observed within a group. A single horizontal transfer, between say an archaeon and a bacterium, can potentially have the effect (on the gene in question) of increas- ing the amount of divergence by at most 3 billion years. Essentially this gene, now resident in a bacterium, appears to have acquired 3 billion years of vertical divergence with respect to the orthologous gene in other bacteria. The process of horizontal transfer followed by acquisition and selective retention of "nonnative" genetic elements appears to be a mechanism for rapid introduction of genetic novelty. The effect of horizontal gene transfer on protein shape is both striking and simple. The overlap between the two ProRSs of the archaeal genre shows that the two backbone structures are nearly indistinguishable, with Q H Х 0.75, as shown in Fig.  15C . One structure is from the archaeon M. thermoautotrophicus, and the other is from the bacterium T. thermophilus. Since the structure of the bacterial type ProRS is unavailable, we note that the expected difference between bacterial and archaeal genres is in the range Q H Х {0.45, 0.65}. The boundaries of this range are depicted by structural overlaps in Fig.  15A and B. The discrepancy between the expected amount of structural divergence for protein from a bacterium and an archaeon and that observed for the ProRSs is accounted for by horizontal transfer. T. thermophilus acquired ProRS from the Archaea (57), and the effect was that the ProRS of T. thermophilus appears nearly structurally indistinguishable from the "native" archaeal type ProRS.
Structural Conservation of Substrate Interactions
In the top panel of Fig. 16 , we examine the conservation of the protein backbone structure of the 16 residues that make contact with the amino acid substrate tyrosine of the class I TyrRS enzyme from B. stearothermophilus. Structural conservation is plotted in terms of Q aln for these residues averaged over the multiple alignment for five separate levels of divergence: the class I level, subclass IC level, the specificity level for TyrRS, the bacterial version of TyrRS only, and the bacterial subtype level (Yb1). There is a general trend for Q aln to increase as the level of divergence decreases, but we note that the majority of the structure associated with amino acid binding is conserved for all class I synthetases. In the plot residue indices 2 to 6, 10 to 14, and 16 are well conserved at the class level. The structural positions represented by the residue indices 1, 7, and 15 are established at the subclass level. Presumably these backbone positions were inserted to accommodate recognition of the large aromatic residues tyrosine and tryptophan. We note very little change in backbone conservation between the subclass level, including TrpRS and TyrRS, and the specificity level for TyrRS. The backbone structure need not change in shape to account for the generation of enzyme specificity, so the amino acid side chains must be the main source of discrimination between tyrosine and tryptophan. The protein structure associated with residues indices 8 and 9 appears to reach its modern state at the bacterial genre level. These residues are part of an inserted loop in Yb that is not found in Ya. They make contact with the carbonyl and amide termini of the substrate tyrosine and seem to confer added stability to the enzyme substrate interaction.
We now examine the structural conservation associated with the interactions between the AspRS catalytic domain of Escherichia coli and the aspartyl-adenylate and tRNA substrates (see Fig. 16, bottom) . We divide the 75 residues in contact with these substrates into four groups: residues which make contact with the aspartyl portion of the Asp-AMP, the adenylate region of this substrate, the tRNA molecule except the CCA stem, and residues making contact with only the CCA trinucleotide. For clarity we show the structural conservation for three levels of divergence: the class II level, subclass IIB level, and the blue curve shows structural differences between the apo and ligand bound forms of the E. coli AspRS. As for the class I TyrRS enzyme, we note that the backbone structure associated with amino acid binding, in the E. coli AspRS structure, is well conserved across the entire class with the exception of two backbone positions that appear to be specific for aspartate binding (residue indices 9 and 10) and one (residue index 15) that is established at the subclass IIB level. The same is true, albeit with somewhat more structural fluctuation, for the residues in contact with the AMP portion of the aspartyladenylate.
The only completely conserved residues in all of the class II AARSs are two arginines. One arginine interacts with the AMP (residue index 18 in Fig. 16 ), and the other interacts with both the AMP and the CCA trinucleotide (residue indices 30 and 65). The backbone positions of these residues are well conserved at the class level. Taken together, these results suggest that aminoacyl-adenylate binding is a function of the AARSs that dates back to their inception, and the amino acid substrate specificity is largely a function of the amino acid side chains present in the active site and not the protein backbone structure.
Structural conservation for residues contacting the tRNA tells a different story. These contact residues do not include contacts to the tRNA anticodon, which are made by a separate anticodon binding domain in most of the synthetases. The synthetase catalytic domain, however, does make a significant amount of contacts the the helical stem of the tRNA leading down to the anticodon loop. At the class level, there is a striking difference between the protein backbone conservation associated with residues contacting the CCA trinucleotide as opposed to the rest of the tRNA. A significant portion of the residues contacting the CCA are associated with backbone positions that are structurally very well conserved at the class level, while contacts to the remainder of the tRNA are not conserved at this level. This indicates that binding to the CCA is an aboriginal feature of the class II synthetases while protein structure associated with binding to other regions of the tRNA arose at a later time. Some of this structure appears at the subclass level (yellow curve in Fig. 16 ), and is conserved for LysRS, AsnRS, and both bacterial and archaeal versions of AspRS. This structure corresponds to residues indices 40 to 48 and 53, and these residues mainly make contact to the acceptor stem and the junction between the acceptor stem and the anticodon stem. It is interesting that this part of the catalytic domain structure emerges coincidently with the acquisition of the OB fold anticodon binding domain which is common only to the subclass IIB synthetases.
The above results indicate that the regions of protein structure associated with aminoacyladenylate and CCA binding are common and thus ancestral to all the AARSs at the class level while structure associated with the reminder of the tRNA arose later and in stages. Much of the protein structure responsible for interacting with the tRNA seems to be in place by VOL. 67, 2003 STRUCTURE IN AARSs 569 the formation of the synthetase subclasses with the rest inserting gradually as the synthetases themselves become specific for particular amino acids. A possible interpretation of Fig. 16 may be that the structure of tRNA changed during the evolution of the synthetases (19, 55) , or the synthetases may have evolved to adapt in shape to an already established tRNA. Alternatively, there may have been another molecule involved, e.g., a ribozyme no longer extant, in the aminoacylation reaction as the AARSs were evolving into their modern form. A structural study of tRNA evolution may resolve this issue. FIG. 16 . Conservation of contacts between the AARS catalytic domain and the amino acid substrate, AMP, tRNA-CCA acceptor trinucleotide, and the rest of the tRNA. The top panel shows conserved backbone structure of TyrRS (B. stearothermophilus) that makes contact with the substrate tyrosine at five levels of divergence: class I (red), subclass IC (yellow), TyrRS specificity (green), Yb (cyan), and Yb1 (blue). The bottom panel shows backbone conservation of AspRS from E. coli for residues that make contact with the aspartyladenylate and tRNA substrate at three levels of divergence: class II (red), subclass IIB (yellow), and apo versus ligand-bound AspRS structures (blue). Aminoacyl-adenylate binding contacts are well conserved already at the class level, while the tRNA contacts are only partially present. The specific residues in the PDB files corresponding to the indices are given in the supplementary material.
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CONCLUSION
Where comparison is possible, the sequence and structural phylogenies are generally in agreement. The sequence analysis complements the structural phylogeny. The sequence phylogeny of Woese et al. (57) has been important not only for annotating the structural phylogeny but also for determining an appropriate measure of structural homology. The consideration of insertions is crucial for constructing a structural phylogeny of distantly related proteins. Using only the aligned portions results in structure-based phylogenies that are in fundamental disagreement with established sequence phylogenies. For example, a structural dendrogram based only on Q aln places HisRS in the Lys-Asp-Asn supercluster and not with the other class IIA synthetases.
The rapid rate at which protein sequences and structures are being added to the public databases will soon allow construction of the complete evolutionary history for the AARSs, and it will become possible to conduct a similar analysis for many more enzyme families. Additional structures are predicted not to alter the phylogeny presented here, but crystal structures of the class I synthetases Wa, Ea, Va, and K I b and the class II synthetases Ha, Pb, Ta, Aa, Ab, and Fa would complete the evolutionary history of the AARSs.
Conservation of sequence implies conservation of structure, but the reverse is not always true. As Fig. 13 clearly shows, the core structure is conserved, even with less than approximately 15% sequence identity. The structural conservation of the aminoacyl-adenylate binding pocket has important implications for protein design. As the backbone structure is well conserved and specificity is largely a function of the amino acid side chains lining the active site pocket, this enzyme has already been shown to allow incorporation of unnatural amino acids (30) .
The variation in protein shape observed in our study provides clues about the nature of major evolutionary events. With the exception of AsnRS and GlnRS, the separate synthetase specificities, as part of the translational process, were in their modern form before the root of the universal phylogenetic tree (UPT). But this is not the full story. The root of the UPT is defined by the separation of the domains Bacteria and Archaea (plus Eucarya) from their common ancestral states, the first recognizable speciation event. What is the nature of this root? According to , the formation of the root of the UPT appears to have been a gradual transition from a phase of evolution where horizontal gene flow dominated the evolutionary dynamic to a phase where vertical inheritance was the dominant evolutionary force, leading to speciation. The boundary between these qualitatively different evolutionary phases is referred to as the Darwinian threshold.
The theory asserted by Woese is that as different subsystems of the cell (say in the protobacterial cell type) became sufficiently complex and specialized to that cellular environment, they became more and more refractory to displacement by horizontally acquired genes from contemporaneously evolving cell types. At the gene level, these ideas may be interpreted to indicate that we can identify the Darwinian threshold for each gene contributing a gene product to a cellular subsystem (such as translation). The Darwinian threshold for each gene is marked by the first emergence of species-specific (archaeal and bacterial) versions of the gene. Woese further identifies the translation apparatus as one of the first systems to cross the Darwinian threshold, as a stable and reliable translation machinery is necessary for vertical inheritance to dominate the evolutionary course. Since the AARSs are an integral part of the translation apparatus, these proteins may have been among the first molecular pioneers to cross the Darwinian threshold.
We observe a broad range of structural divergence associated with comparing archaeal and bacterial versions of the different AARS specificities, MetRS (Ma versus Mb) having the smallest amount of structural divergence and TyrRS displaying the largest amount of structural divergence between archaeal and bacterial types. What does this tell us about the evolution of translation? TyrRS may simply have evolved at a faster rate than the other AARSs since the time of the root of the UPT. We speculate that it is also possible that TyrRS crossed the Darwinian threshold before any of the other AARSs and that MetRS was the last to cross the Darwinian threshold. In this scenario, the formation of the root of the UPT is broad in time, and perhaps this is evidence for the gradual "crystallization" of different cellular subsystems over time (60) .
Although the root of the UPT may be broad, it has a clear boundary, and this is demonstrated by the emergence of AsnRS and GlnRS. These synthetases evolved after the formation of the root of the UPT was essentially complete, and the canonical pattern cannot be and is not detected for these enzymes (57) . The dissemination of AsnRS and GlnRS across the three domains of life, though GlnRS has not been found in Archaea, occurred through HGT. The frequent presence of HGT in the evolution of the synthetases reminds us that the barrier separating species and even organismal domains is not insurmountable.
